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Abstract 
A novel analytical imaging algorithm is proposed for the strip-map mode of airborne bistatic squint SAR with unparallel 
trajectories. The algorithm derives the two-dimensional (2D) spectrum formula of the point target echo by using the contribution 
ratios of Doppler frequency modulation ratios of the transmitter and receiver as the weighting coefficients. Through decoupling 
the target position against the tracks of the transmitter and receiver, the range parameter and the azimuth one in the spectrum 
formula are separated. In 2D frequency domain, 2D Chirp-Z transform (2D-CZT) is applied to correcting the migrations of the 
echo along the range and azimuth after the bistatic deformation term has been compensated, so the target image is precisely 
focused. The advantage of the algorithm is easy to be expanded to the virtual wide swath by blocking the radar data along the 
range and azimuth to limit the 2D residual migrations. Simulation results confirm the validity of the 2D-CZT algorithm. 
Keywords: airborne bistatic SAR; two-dimensional spectrum; target position decoupling; 2D-CZT; imaging systems 
1. Introduction1 
The imaging algorithm whose complexity depends 
on the geometry is a key technology of bistatic SAR. 
Since some monostatic algorithms may be modified to 
handle the bistatic data, the imaging technology for the 
translational invariant configuration was firstly 
developed in Refs. [1]-[3]. However, when the flight 
tracks of the transmitter and receiver are unparallel, 
their baseline vectors will vary with the azimuth time, 
so the radar echoes have 2D variance with both the 
range and azimuth, which challenges the monostatic 
imaging algorithms. Ding and Munson [4] improved the 
back-projection algorithm (BPA) proposed by Soum- 
ekh [5], which reduced the computational amount from 
O(N 3) to O(N 2log2 N) where N was the sampling point 
of the image. But its computational cost is still too 
expensive to meet the real-time imaging. The polar 
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format algorithm (PFA) suggested by Briand and Ran- 
dolph [6], in which 2D interpolations is required, is also 
of low computational efficiency. At the same time its 
imaging precision is not high enough. Recently, Wong, 
et al. [7] modified the nonlinear chirp scaling algorithm 
(NLCSA) to handle a general case of bistatic data, in 
which a linear range cell migration correction 
(LRCMC) was used to remove the range-azimuth cou- 
pling, and the invariance regions were used to handle 
the azimuth variance. The important features of 
NLCSA were to derive 2D spectrum of the echo with 
the method of series reversion (MSR) and to ignore the 
effect of second range compression (SRC) on imaging, 
so the computational cost was decreased evidently. 
Zhang, et al. [8] developed the 2D spectrum of bistatic 
SAR with nonparallel trajectories based on the concept 
of the instantaneous Doppler wave number, separated 
the transmitting and receiving Doppler via series 
reversion and utilized frequency scaling to focus the 
limited scene under the spotlight mode. Loffeld, et 
al. [9-11] put forward the 2D inverse scaled FFT (2D- 
ISFT) approach that is suitable to deal with the 
airborne bistatic side-look SAR data with unparallel 
trajectories, but its performance was limited by the 
baseline length and the radar squint angle. 
Open access under CC BY-NC-ND license.
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In this paper, a novel analytical imaging algorithm is 
proposed for the strip-map mode of airborne bistatic 
squint SAR with unparallel trajectories. Accor- ding to 
the fact that the difference of the zero Doppler time 
between the transmitter and the receiver is small, 2D 
spectrum of the echo on condition that the flight 
velocities of the transmitter and the receiver are equal 
is derived with the contribution ratios of Doppler 
frequency modulation ratios of the transmitter and 
receiver as the weighting coefficients [12-13]. Through 
decoupling the target position against the tracks of the 
transmitter and receiver, the range parameters and the 
azimuth ones in spectrum are separated. In the 2D 
frequency domain, the bistatic deformation term is 
firstly compensated. Then the radar data are multiplied 
by a focused function, and then the migrations of the 
echo along the range and azimuth are corrected by 
using the 2D Chirp-Z transform (2D-CZT). Finally the 
target image is focused precisely. The 2D space 
variance of the data is processed through blocking, and 
the condition for data blocking is also derived. Finally, 
simulation results confirm the validity of the 2D-CZT 
algorithm. 
2. Model of Airborne Bistatic Squint SAR with 
Unparallel Trajectories 
2.1. Geometry configuration 
The geometry of airborne bistatic squint SAR with 
unparallel trajectories is shown in Fig. 1. A transmitter 
and a receiver fly along the different lines at the same 
velocity v , and the angle between the two flight tracks 
is α B. The squint angles of transmitter and receiver are 
θ T0 and θ R0 respectively. Suppose the transmitter posi- 
tion is T(t), the receiver position is R(t). The position of 
any target in the observed scene is denoted by P (RR0, 
tR0), where tR0 is the time when the point target is 
observed perpendicularly from the receiver track, an 
RR0 is the proximal slant range correspondingly. Then 
the slant ranging from the receiver to the point target at 
any time is RR (t; RR0, tR0) = RR (tR0; RR0, tR0) - v·(t - 
tR0), where t is the synthetic aperture (azimuth) time. 
Similarly, the azimuth time instant of observing 
vertically the target P(RR0, tR0) from the transmitter 
track is tT0, and the corresponding slant range is RT0. 
The slant range from the transmitter to this target is RT 
(t; RT0, tT0) = RT (tT0; RT0, tT0) - v(t - tT0). The baseline 
vector from the transmitter to the receiver is denoted by 
l(t), and l(t) = R(t) - T(t).  
To describe the configuration of bistatic SAR, we 
define the configuration parameter a0 = tT0 - tR0 to 
indicate the time difference when the transimmter and 
receiver observe the target P(RR0, tR0) vertically, 
a2 = RT0/RR0 to indicate the slant range ratio by the 
corresponding azimuth time [9]. In the situations of 
unparallel flight and squint look, 2 1,a ≠ 0 0,a ≠ and 
they still vary with R0R  and R0t . The baseline vector  
 
Fig. 1  Model of airborne bistatic squint SAR with unpa- 
rallel trajectories. 
( )tl also vary with the azimuth time t , so the radar 
echo has the range and azimuth space variance at the 
same time. 
When the airborne bistatic squint SAR works in the 
strip-mode with unparallel trajectories, the size of 
observed scene is limited by the space synchrony of the 
beams of the transmitting and receiving antenna, so a 
compound imaging mode is required. If the receiver 
works in the strip-mode, the beam of the transmitting 
antenna must move with the beam of the receiving 
antenna, which presents many new demands on the 
beam control of the transmitting antenna, which could 
be performed with the help of the pulse chasing 
technology [14]. 
2.2. Signal model 
We assume that the transmitting signal of bistatic 
SAR is sT(τ) = rect (τ/Tp) exp{j2π fcτ + jπkτ 2}, where 
rect (·) is the rectangle function, τ∈[-Tp /2, Tp/2], Tp 
the pulse width, fc the carrier frequency, and k the 
linear modulation ratio. When the signal exposes a 
target in the observed scene, the echo is 
B
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R t
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- -    (1) 
where τ is the range time, σ (RR0, tR0) is the side-wise 
scatting coefficient of the target P(RR0, tR0), and wa (·) 
is the azimuth windows expressing the time when the 
target is in beamwide of both the transimitter and 
receiver. B ( )R t  is the bistatic range history, which 
could be expressed as  
B T T0 T0 R R0 R0( ) = ( ; , ) + ( ; , ) =R t t R t t R tR R  
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2 2 2 2 2 2 2
2 R0 R0 0 R0 R0+ ( ) + + ( )a R v t t a R v t t- - -   (2) 
Substituting Eq. (2) into Eq. (1), the echo model 
against the receiver track is constructed, which depends 
on biatatic configuration parameters 0a and 2a . With the 
influence from their space variance, the echo also 
indicates the space variance which is different from the 
monostatic SAR.  
3. Formulation of 2D spectrum 
For the airborne bistatic squint SAR with unparallel 
trajectories, the bistatic range history is space variance 
along the range and azimuth, so the spectrum for each 
target varies due to different echoes. A determined 
formula of the 2D spectrum for all target echoes is 
derived with difficulty, but the uniform expression 
could be written formally. 
2D spectrum of the bistatic echoes would be derived 
by transforming Eq. (1) from range time domain to 
range frequency domain [9], then to azimuth frequency 
domain, then we get 
ra t R0 R0SS ( , ; , ) =f f R tτ   
R0 R0 r t R0 R0( , ) ( ) ( , ; , )σ R t P f I f R tτ τ· f      (3) 
where fτ is range frequency, and Pr (·) the Fourier 
transformation of pr (·). And  
(R0 R0 T( , ; , ) ( ) exp j ( , )t aI f f R t w t t fτ τϕ+∞−∞= − −∫  
)Rj ( , ) dt f tτϕ                (4) 
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    (5) 
In Eq. (5), a and (1 )a−  are the weights of the 
ratios of the transmitter contribution and the receiver 
contribution to the total Doppler respectively. Conside- 
ring the fact that the difference of the zero Doppler 
time between the transmitter and the receiver of the 
airborne bistatic SAR is small, the two weights could 
be defined as the contribution ratios of Doppler 
frequency modulation ratios of the transmitter and the 
receiver [12-13] : 
2
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According to the principle of stationary phase [15], 
T ( , )t fτϕ  and ϕR(t, fτ) in Eq. (5) are expanded in two 
Taylor series around the individual point of the 
stationary phase. If the quadratic terms are reserved, 
they could be written as follows: 
2
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where Tt% and Rt% are points of stationary phase of trans- 
mitter and receiver phase history given by 
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Substituting Eq. (7) into Eq. (4), we get 
( )R0 R0 T T R R( , ; , ) exp j ( , ) j ( , )tI f f R t t f t fτ τ τϕ ϕ= − −% % · 
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As the sum of two quadratic functions is still a (shif- 
ted and scaled) quadratic function in Eq. (8), the princ- 
iple of stationary phase is used again to obtain the 
bistatic point of stationary phase [9] as follows: 
T T T R R R
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Then the integral result of Eq. (8) is 
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where Wa (·) is the Fourier transformation of Wa (t).  
Substituted the above result into Eq. (3), and simplified 
it, we get 2D spectrum of the point target echo: 
ra R0 R0 R0 R0 r a B BcSS ( , ; , ) ( , ) ( ) ( )tf f R t R t P f W t tτ τσ= −%· ·
2 R R
2 exp( j )
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( ) ( )1 2exp j ( , ) exp j ( , )t tf f f fτ τΨ Ψ− −·    (9) 
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Eq. (9) conceptually shows that 2D spectrum of the 
point target echo of the bistatic SAR consists of two 
exponential phase terms, in which Ψ1( fτ , ft; RR0, tR0) is 
called a quasi-monostatic term and Ψ2( fτ , ft; RR0, tR0) is 
called a bistatic deformation term. 
4. Target Position Decoupling 
The unparallel trajectories of the transmitter and 
receiver cause the azimuth variance of bistatic echo 
and simultaneously affect their range variances. It is 
reasonable that the position variance of a target is 
coupling against the tracks of transmitter and receiver 
all the time.  
In the geometry of airborne bistatic SAR shown by 
Fig. 2, the region enclosed by the dotted line is the  
 
Fig. 2  Target position in bistatic SAR geometry. 
observed scene. Supposed its centre point is P0, its 
closest ranges against the transmitter and receiver 
tracks are RT0 and RR0, corresponding to the time 
instant tT0 and tR0 respectively. Their relationship is 
determined by their bistatic configuration parameters 
a0 = tT0 – tR0 and a2 = RT0/RR0. 
For any target P1 in the observed scene, assuming 
that the shifts along the closest range and the receiver 
track are ΔRR and 0 1 R ,P P v t′ = ⋅ Δ where ΔtR is the 
corre- sponding time shift respectively, thus  
   R1 1 1 R0 RR P R R R= = + Δ         (13) 
Projecting P1 on a line through P0 and parallel to a 
receiver track, the crossing point is 1P′ , so 1 1P P′ ≈  
ΔRR/sin μ R, where μR is the angle of the incidence 
when the beam of the receiver perpendicularly projects 
the target P0 (LOS). Similarly, project P1 on a line 
through P0 and parallel to a transmitter track，the cross 
point is 1P′′ . On 1 1 1PT P′′Δ , we have 
T1 1 1 T0 1 1 sinR PT R P P μ′′= ≈ + · T   
  T0 0 1 B Tsin( ) sinR P P α η μ= + +· ·   (14) 
where μT is the angle of the incidence when the beam 
of the transmitter perpendicularly projects the target P0, 
and η =∠P1P0 1P′ . Utilizing the formula of the trigono- 
metric function, Eq. (14) is expressed as follows: 
T1 1 1 T0 B T Rsin sinR PT R v tα μ= = + Δ +·     
B T
R
R
cos sin
sin
Rα μμ Δ            (15) 
From a0, a2 and Eq. (13), we obtain 
  T0 2 R0 2 R1 R( )R a R a R R= = − Δ  
Substituting it into Eq. (15)，we get 
B T
T1 2 R1 2 R
R
cos sin
( )
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B T Rsin sinv tα μ Δ·            (16) 
When the receiver moves to a position perpendicular 
to P1, the motion time is  
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T
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so the corresponding times are 
B
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t t t t t R
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t t t
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Solving the difference between tT1 and tR1，we get 
B
T1 R1 0 R B R
R
sin
(cos 1)
sin
t t a R t
v
α αμ− = − Δ + − Δ   (17) 
From Eq. (16) and Eq. (17), we obtain the relations 
between RRΔ  and RtΔ , as follows: 
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· ·
(18) 
Eq. (18) shows that the target position in the obse- 
rved scene has an inherent coupling that makes the 
position variance of every target cause the range and 
azimuth shifts. Those variances affect the Doppler 
centroid and the Doppler. 
5. Imaging Algorithm Based on 2D-CZT 
5.1. Formulation 
The target coordinates against the transmitter and 
receiver tracks are separated in Eq. (10), so they could 
be processed directly. But, in Eq. (11), they are coupled 
and vary with the target position. Considering the fact 
that the difference of the zero Doppler time between 
the transmitter and the receiver is small, the 2D 
spectrum is seldom affected by the bistatic deformation 
term. So we propose a novel processing method, in 
which the radar data are firstly blocked along the range 
and azimuth, and bistatic configuration parameters of 
each data block are approximated as the parameters of 
its central target. Next the bistatic deformation term is 
compensated directly, and finally the data block is 
focused by 2D- CZT algorithm and jointed to generate 
a full image of the wide swath. 
The first step of the imaging process is to block the 
radar data along the range and azimuth, and then the 
conjugate function of the 2D pulse response corres- 
ponding to the point located in the center Rm Rm( , )R t of 
one data block is used as the reference signal to 
compensate the bistatic deformation term, which is 
described as 
1 Rm Rm
3 32
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2
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⎫⎫⎪ ⎪− − ⎬ ⎬⎪⎭ ⎪⎭
   (19) 
where aom=tTm -tRm, a2m =RTm/RRm, and (RTm, tTm) is the 
coordinates of the target located on (RRm, tRm) against 
the transmitter track. 
After the above compensation, there is still quasi- 
monostatic term in the radar echo to be processed. 
Taking the conjugate function of the quasi-monostatic 
term of reference point (RRm, tRm) as focusing function, 
we obtain 
[ ]* Tm Rm2 Rm Rm r j2 (1 )( , ; , ) ( ) exp tt at a t fH f f R t P fτ τ ⎧⎪ π + − += ⎨⎪⎩·
Rm R Tm T
2j [ ( , ) ( , )]t tR f f R f fc τ τ
β βπ ⎫+ ⎬⎭    (20) 
By using both coordinate of the centre target and 
coordinate shifts, other target positions in the data 
block are expressed as follows: 
R0 Rm R
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T0 Tm T
T0 Tm T
R R R
t t t
R R R
t t t
= + Δ⎧⎪ = + Δ⎪⎨ = + Δ⎪⎪ = + Δ⎩
 
where (ΔRT, ΔtT) and (ΔRR, ΔtR) are the coordinate 
shifts relative to the center point (RRm, tRm) of the target 
in the transmitter and receiver coordinate system 
respectively. And then multiplied by the echo data, 
Eq. (20) becomes 
[ Rra1 R R j2π (1 )SS ( , ; , ) expt a tf f R t Cτ ⎧⎪− − Δ +Δ Δ = ⎨⎪⎩·  
] [ ]T R R T T2π) j ( , ) ( , )t t ta t f R f f R f fc τ τβ β ⎫Δ − Δ + Δ ⎬⎭ (21) 
The coupling relation of the target coordinate shifts 
in Eq. (18) could be rewritten as 
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Substituting Eq. (22) into Eq. (21), after rearran 
gement, we get 
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Defining the phase in the second exponential term in 
Eq. (23) as R R( , ; )tf f RτϕΔ Δ  which is expanded in 
Taylor series around fτ , there is 
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 Now we could firstly compute the CZT of Eq. (24) 
along the range to correct the range migration of the 
radar data [16-18], and the corresponding transformation 
parameters are 
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where [ ]R,max Rmax ( )tfξ ξ= , and N  is the sampling 
number of the signal along the range. 
Secondly the azimuth shift error of the range 
migration is compensated, and the correspondingly 
processing function is 
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where fdc is the Doppler center frequency. 
The following part is to correct the migration along 
the azimuth. Defining the phase in the first exponential 
term in Eq. (23) as R R( , ; )tf f tτϕΔ Δ which is expanded 
in Taylor series around tf , there is 
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Next we could compute the CZT of Eq. (27) along 
the azimuth to correct the azimuth migration of the 
radar data, and the corresponding transformation 
parameters are 
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   (28) 
where [ ]A,max Amax ( )tfξ ξ= , and M is the sam pling 
number of the signal along the azimuth.  
Then the range shift error of the azimuth migration is 
compensated, and the processing function is 
{ }4 R A R( , ) exp j ( , )H f t f tτ τηΔ = − Δ     (29) 
The last step is to transform the data into 2D time- 
domain by the inverse Fourier transformation along the 
range, so to reconstruct the image of bistatic SAR.  
The functional block diagram of 2D-CZT algorithm 
for airborne bistatic squint SAR imaging with 
unparallel trajectories is shown in Fig.3. 
 
Fig. 3  Functioal block diagram of 2D-CZT algorithm. 
5.2. Data blocking condition 
As the size of the blocked data depends on the 
parameters of the bistatic configuration and the radar 
system, the residual error expression is too complicated 
to be used in the 2D-CZT algorithm. So we use the 
residual range migration to derive the conditions of 
data blocking [7].   
By solving the derivative of Eq. (2), we obtain the 
range walk and the curve of the reference target located 
in  (RRm,tRm) as follows:  
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   (30) 
where RTm is the closest range from the transmitter 
track to the reference target, θTm and θRm are the squint 
angles of the transmitter and receiver against the 
reference target respectively, and Ts is the synthetic 
aperture time. 
Supposed the range and azimuth shifts of any target 
against the reference target are denoted by ΔRR and ΔtR, 
then the range walk and the curve are expressed as 
B,w R R R T s( , ) (sin sin )R R t vTθ θΔ Δ Δ = +  
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where RT and RR are the closest range of the target, θT  
and θR are the squint angles of the transmitter and 
receiver against the target ,which depend on (ΔRR ,ΔtR). 
After completing the correction, the residual range 
walk and the curve are  
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(32) 
The total residual range migration is   
B,mi R R B,w R R( , ) ( , )R R t R R tδ δΔ Δ = Δ Δ +  
B,cure R R( , )R R tδ Δ Δ            (33) 
To guarantee the imaging quality of every block, we 
keep the total residual range migration within half of 
one range resolution cell δr, so we obtain 
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          (34) 
According to Eq. (34), the maximal range and azi- 
muth shifts ΔRR, ΔtR could be determined accor- ding 
to the block size.  
6. Simulations 
To verify the performance of 2D-CZT algorithm, we 
perform a simulation test by using the system para- 
meters of an airborne bistatic squint SAR with unpa- 
rallel trajectories given in Table 1. The imaging scene  
Table 1 System parameters of an airborne bistatic squ- 
int SAR with unparallel trajectories parmeter 
value 
Parameter Value 
Velocities of transmitter and 
receiver v=100 
Angle between tracks α B=18° 
Central position of observed scene 
against receiver at t=0  (12 km, 2 km, -5 km) 
Transmitter position against 
receiver at t=0 ( 6.124 km, 6.124 km,5 km)−  −   
Initial baseline length at t=0 l =10 km 
Transmitter and receiver squint 
angle at t=0 θ T0 = 5.49°, θ R0 = 8.75° 
Carrier frequency fc=10 GHz 
Pulse duration TP=6 μs 
Bandwidth Br=75 MHz 
is composed of an array of 5×5 targets whose spacing 
intervals are all 100 m. The imaging results of the 
complete scene including a three-dimensional image 
and a contour are shown in Fig. 4. The range and the 
azimuth sampling interval are 0.500 m and 0.352 m 
respectively. 
 
Fig. 4  Simulation results of 2D-CZT algorithm. 
 
In order to analyze the imaging effects of single 
target, we show the close-up views of the target A, B, C, 
D in Fig. 5 and list their peak sidelobe ratio (PLSR) 
and integrated sidelobe ratio (ISLR) in range and 
azimuth in Table 2 (No window function is used). 
Those contours and performance parameters indicate 
that each target is focused well in the range. However, 
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Fig. 5  Imaging effects of four targets. 
there is a bit difference for focused effects in the 
azimuth, that is, the target A and D are better than the 
target B and C because the latter two are so close to the 
margin of the data block that their residual phase errors 
are a bit larger. In general, four targets are well focused, 
which verifies the validity of the 2D-CZT algorithm 
focusing the data of airborne bistatic squint SAR with 
unparallel trajectories. 
Table 2  Focusing performance of four targets 
Baseline length
/Bistatic angle
Target
PSLR 
in range/
dB 
ISLR 
in range/ 
dB 
PSLR 
in azimuth/
dB 
ISLR 
in azimuth/
dB 
A -13.32 -10.85 -13.32 -10.83 
B -13.48 -11.06 -13.20 -10.27 
C -13.21 -10.58 -13.10 -10.11 
10 kml =  
/ b 14.06ϕ = °
D -13.50 -11.08 -13.18 -10.32 
7. Conclusions 
The strip-map imaging of airborne bistatic squint 
SAR with unparallel trajectories is the most practical 
working mode. This mode eliminates the geometry 
configuration restriction of the translational invariance 
system, so it takes advantage of the bistatic SAR extre- 
mely. However the radar echo is 2D space variant 
along the range and the azimuth, which increases the 
difficulties of the imaging algorithm. The 2D-CZT 
algorithm does not apply any numerical calculation but 
uses only some analytic formulas to focus the target 
image. Compared with the modified NLCS algorithm, 
although its computational cost is slightly less, its 
processing is simpler and the imaging precision is 
higher. Using data blocking, the algorithm may be 
extended to focus the wide swath, which offers a better 
alternative for the real-time imaging situation of airbo- 
rne bistatic squint SAR with unparallel trajectories. 
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